Multi-array analysis method recently attracts attention as a useful technique to detect antigen-antibody interactions in a small amount of reagents. Surface plasmon resonance (SPR) has been used as one of the highly sensitive techniques which can detect antigen-antibody interaction in the multi-array coated by a thin metal film. We proposed the surface plasmon field-enhanced fluorescence Imaging (SPFI) with higher sensitivity than SPR detection. The fluorescence from fluorescence molecules near the substrate (within 40 nm) is quenched by a thin metal film as found from previous studies. Therefore the change of distance due to the interaction of the protein (antigen) in cell with antibody immobilized at the substrate surface was monitored by the change of the fluorescence intensity using SPFI. Further we fabricated array spots on the substrate using a self assembled monolayer (SAM) possible to suppress the non-specific adsorption out of the spot exposed to UV light, and the antibody was prepared into the spots. Two kinds of antibodies modified with fluorescent-dyes were immobilized to the different array spots. Our SPFS system can recognize binding of cells based on the specific antigen-antibody interaction in the multi-array system.
INTRODUCTION
Recently various types of biosensors or biochips such as DNA-chip, protein-chip, and cell-chip, have been developed 1, 2) . The key techniques for the development of them are the detection technique and the surface modification on the chip platform. Surface plasmon resonance (SPR) has been used as one of the highly sensitive techniques which can detect DNA-DNA hybridization and antigen-antibody interaction on the platforms 1) . Furthermore, surface plasmon fieldenhanced fluorescence spectroscopy (SPFS) 3) was studied as a technique that offers higher detection limits and higher sensitivity than the label-free detection methods such as SPR and quartz crystal microbalance (QCM) techniques 4) . However, the preparation of labeled target molecules could be a barrier in the application to the clinical diagnosis. Especially, in the cell-chip, the labeling operation of living cells or undifferentiated cells is complicated or impossible. Therefore, we proposed the SPFS system utilizing the platform with probe molecules modified with the fluorescent-dye. In our earlier study, the fluorescence quench effect to a thin metal film was found to attenuate with the distance of 40 nm from a gold surface 5) . Therefore, the surface of platform was modified with fluorescent-dye labeled antibody connected with a flexible PEG chain which can fluctuate within 40 nm from the gold surface. The interaction of a labeled-antibody with an antigen in cell might elongate a flexible PEG chain linking a labeled-antibody to a platform.
When the distance between the labeled-antibody immobilized and the platform surface increased due to the elongation of a PEG chain, the fluorescence intensity could increase instead the fluorescence quench was suppressed. Therefore, the surface plasmon field-enhanced fluorescence imaging (SPFI) can detect the interaction between the antibody immobilized on the platform and the protein in the cell membrane. Multi-array analysis method attracts attention as a useful technique to detect simultaneously a number of targets on biochips. In this study, the array spots were fabricated on the substrate using a self assembled monolayer (SAM) possible to suppress the non-specific adsorption by UV lithography. The specific interaction was studied on the array chip by SPFI. On the other hand, the reflectivity simultaneously measured showed the dip in a total reflection region, which corresponds to SPR. Due to the shift of SPR angle to the wide angle, the amounts of combined proteins were evaluated.
EXPERIMENTAL SECTION 2.1 Preparation of substrates
The grass (LaSFN9, Hellma) substrates were cleaned into detergent (Hellmanex) solution by ultrasonicator. After rinsing the substrates, they were cleaned in milliQ twice and finally in ethanol by ultrasonicator. A 47 nm-thick gold layer was prepared on the substrates by sputtering 5) . Prior to the preparation of a multi-array spots, the SAM possible to suppress the non-specific adsorption of proteins was studied 6) . Five kinds of SAM of -PEG-OH terminated thiol (SENSO PATH TECHNOLOGIES, Fig.  1A ), 11-Hydoroxy-1-undecanethiol (Dojindo), -PEG-COOH terminated thiol (SENSO PATH TECHNOLOGIES, Fig. 1B ), 1-Dodecanethiol (Sigmaaldrich), and 11-Amino-1-undecanethiol (Dojindo) were prepared from 2 mM solutions to a gold layer, individually. The amount of non-specific adsorption of streptavidin (SA, Nacalai Tesque) was evaluated by SPR measurement described later and the most appropriate SAM can be decided. In order to combine with antibody using SA, the -PEG-Biotin terminated thiol (SENSO PATH TECHNOLOGIES, Fig. 1C ) was used in the array spots.
Surface modification

Formation of a patterned SAM by UV lithography
SAM possible to suppress the non-specific adsorption was prepared on the thin gold layer and patterned with UV-exposure by Spot Cure (USHIO) at 4 mW/cm 2 for 10 min through a photo-mask composed of pores-array with a diameter of 0.5 or 1.0 mm and a 270-380 nm band-pass filter. After UV exposure, the substrate was rinsed with ethanol and milliQ water, and the removal of SAM in the area exposed was investigated by Fourier transform infrared-reflection absorption spectroscopy (FTIR-RAS, Bio-Rad 175C) 7, 8) . Then, the -PEG-Biotin terminated SAM was prepared from 4 mM thiol solution into array spots exposed. The reaction duration was 15 min to prevent the extra replacement from the SAM suppressing non-specific to the biotin-SAM out of spots.
Samples
Two kinds of antibodies, anti human influenza hematoagglutinin antibody (anti HA, SIGMA) and anti green fluorescent protein antibody (anti GFP, ROCKLAND) were used in this study. Antibodies were modified with Cy5 fluorescent molecules using Cy5 monofunctional dye (GE Healthcare), as GE Healthcare's protocol, and were subsequent biotinilate with Biotin-PEG-NHS (NOF, molecular weight; 5000) as Dojindo's protocol. The labeling mole ratio of biotin and Cy5 evaluated by UV absorption spectroscopy (SHIMADZU) was 9 (anti GFP) and 11 (anti HA), and 1.3 (anti-GFP) and 1.1 (anti-HA), respectively. These modified antibodies were individually mixed with SA in the concentration described in Table I in advance. Binding rate of SA to an antibody was estimated by fluorescence resonance energy transfer (FRET) method 9,10) using Cy3-dye conjugated SA prepared by the same protocol instead of SA. As the result of FRET, all the SA molecules were found to be combined with biotin-PEG linking to antibody. For observing antigen-antibody recognition by SPFI, two kinds of antibody array chips based on the patterned-SAM were prepared. One chip was composed of Cy5-anti HA binding with SA (Cy5-anti HA-SA). Another chip was that two kinds of Cy5-labeled antibodies, anti HA and anti GFP binding with SA (Cy5-anti HA-SA and Cy5-anti GFP-SA), were dropped (0.2 L) on the spot, individually. Then, the fluorescence images of both array chips were detected by SPFI before and after injection of cells expressed-HA (antigen) in the cell membrane surface.
For measurement by SPFI, cells expressing a protein tag recognized by fluorescently labeled antibody were prepared. Human influenza hematoagglutinin (HA, Invitrogen, USA) was used as a cell-surface displaying protein tag. HA-tagged protein display on cell plasma membrane was obtained by transfecting monomeric kusabira-orange (mKO, MBL, Japan) inserted pDisplay vector (Invitrogen). The plasmid was transfected to a COS cell (a cell line derived from kidney cells of the African green monkey) with lipofectamin 2000 (Invitrogen). After two days, the transfected cells were collected and fixed with 4% paraformaldehyde in phosphate buffer saline. The transfection efficiency, as checked by confocal microscopy (FV-1000, Olympus, Japan), was approximately 50%. 
SPR-SPFI experiments
The reflectivity and fluorescence were measured by the SPR-SPFI set up having He-Ne laser (5 mW, Melles Griot) with the wavelength of 633 nm as a light source as shown in Fig. 3 . Laser light passed through two polarizers, an optical chopper (AMETEK) and a mechanical shutter and the mirror mounted on the rotational stage (SGSP-40YAW, Sigma Koki) reflected the laser light. Furthermore, the reflected light passed through two lenses which were fixed as each focus corresponded to the reflection point on the mirror and the bottom surface of a prism, individually, and made incident to the prism. Due to the focal length of 81 mm and the diameter of lens, the incident angle could be controlled between 30 and 60 degree. As the SPR detection system, the reflected light passed through the two lenses (Sigma Koki) and was detected by photodiode (Melles Griot) located on the focus. Incident angle dependence of the reflectance was detected with lock-in amplifier (Signal Recovery) using the reference signal from an optical chopper. The film thickness corresponding to the amount of SA adsorbed was analyzed by simulation of the angle shift of SPR dip using the software (Winspall 11) ). In the SPFI, the laser beam was expanded from 1 mm to 5 mm by a magnification lens (Sigma Koki). The fluorescence images were taken under the irradiation at resonance angle through the 2-times magnification lens (Mega2-65D, Moritex) and short-wavelength cut filter below 660 nm with CCD camera (ORCA-ER, HAMAMATSU). The bright field image was taken through above lens and short-wavelength cut filter below 620 nm under the coax epi-illumination by a red LED.
RESULTS AND DISCUTIONS 3.1 Surface modification to suppress the non-specific adsorption of proteins
The SAMs prepared by a gold-thiol reaction was observed by the shift of SPR angle and the thickness of SAM and the advancing contact angle of water were summarized in Table II . The shift of SPR angle after adsorption of SA was 0.00°, 0.10°, 0.05°, 0.25°, 0.35°, 0.40° for -PEG-OH terminated, OH-terminated, -PEG-COOH terminated, CH 3 -terminated, NH 2 -terminated, -PEG-Biotin terminated SAM, respectively, and the amount of adsorption evaluated as a SA film thickness was also summarized in Table II . The -PEG-OH terminated SAM was found to suppress most effectively non-specific adsorption of SA. A large amounts of SA non-specifically adsorbed to CH 3 -terminated and NH 2 -terminated SAM. The other SAMs, -PEG-COOH terminated and OH-terminated, provided a little adsorption of SA. Thus, the contact angle corresponding to the surface hydrophilicity didn't contribute to the non-specific adsorption, and PEG and hydroxyl group were found to be important to inhibit of non-specific adsorption of SA.
Fabrication of array chip by patterned SAM
Desorption of -PEG-OH SAM exposed to UV light was investigated by FT-IR RAS. The SAM provides the characteristic IR band assigned to the C-O-C vibration mode at 1120 cm -1 , and this band decreased after 5 min of UV exposure, and disappeared after 10 min (not shown here). It was considered to correspond to desorption of the SAM. After UV lithography, the spots modified with -PEG-Biotin SAM provided the hydrophobicity as shown in water drops on the spots under rinsing process with milliQ water.
Antigen-antibody recognition detected by SPFI
The solution of Cy5-anti HA-SA was injected on the array chip, and the substrate was rinsed after incubation for 90 min. The fluorescence image before cell injection was observed by SPFI (Fig. 4A) . The fluorescence image of antibody array on the patterned SAM was observed with high contrast, though fluorescence was also detected out of the spot without UV irradiation.
The cells expressed-HA antigen injected was rinsed after incubation for 90 min, and the fluorescence image after antigen-antibody recognition was observed by SPFI (Fig. 4B) . Fluorescence intensity of Cy5-anti HA increased after the cell injection. It suggest that the fluorescence molecules, Cy5, could be far away from the gold surface, because the PEG chain linked with Cy5-anti HA could be extended by HA antigen bound with antibody.
Fluorescence out of spots without UV irradiation was Table II . The thickness of SAM, the film thickness of SA adsorbed non-specifically or bound with biotin, and the advancing contact angle of water in each SAM. 1mm photodiode considered to be due to the non-specific adsorption. But it does not agree with the result summarized in Table Ⅱ . When Cy5-anti HA-SA solution was injected to the substrate modified with only -PEG-OH terminated SAM, the fluorescence was not observed by SPFI (not shown here). Therefore, it suggests that -PEG-Biotin terminated SAM was also included in the non-irradiation area. A part of the -PEG-Biotin terminated SAM may replace with -PEG-OH terminated SAM even in such a short reaction time. However, the fluorescence intensity out of spots can be ignored in the image with high contrast.
Multi array detection by SPFI
The two kinds of Cy5-labeled antibodies, Cy5-anti HA-SA and Cy5-anti GFP-SA, were dropped on each spot. The substrate was rinsed after incubation for 15 min, sealed with a glass plate after filling buffer solution to prevent drying up. The adsorption of the cells was observed by bright field image, but the cells adsorbed to not only array spots but also all over the substrate. Therefore, non-specific adsorption and specific binding were not distinguished from bright field images (not shown here). However, fluorescence images detected by SPFI clarified whether the antigen in the cell did not adsorb but bound with the antibody. Fluorescence intensity increased after cell injection at the spots of the Cy5-anti HA-SA (Fig. 5-b) , and didn't change at the spots of the Cy5-anti GFP-SA (Fig. 5-a) . It means that Cy5-anti HA-SA interacted with the cell but Cy5-anti GFP-SA did not. Furthermore, we found in our earlier study that the fluorescence intensity of Cy5-anti GFP increased after injection of expressed-GFP cells but didn't increase after injection of the GFP protein (Recombinant GFP protein, BD Biosciences). It means that, even if the GFP antigen recognized anti GFP antibody, PEG chains can't be extended for GFP not expressed in the cell membrane. Therefore, the increase of fluorescence intensity was found to contribute to the recognition of cells based on the antigen-antibody reaction in our multi array system. The fluorescence intensity shown in Fig. 5 was lower than that in Fig. 4 . It was considered to be due to that incubation time was not enough for immobilization of antibody and the density on the spot was low. On the other hand, the fluorescence intensities at spots depicted in the left (a) in Fig. 5A were larger than those in the right (a) in Fig. 5A . Illumination spot provided inhomogeneous intensity dispersion in plane. It may be due to the difference of incident angle depending on the position in plane for magnification of laser beam, in addition to the original intensity dispersion of laser light.
CONCLUSION
The preparation of the SAM possible to suppress the non-specific adsorption of proteins was essential to built up array biochip. The -PEG-OH terminated SAM was found to suppress them most effectively. The -PEG-OH terminated SAM exposed to UV light was patterned, and the -PEG-Biotin terminated SAM was reprepared in the spots. The solution of Cy5-anti HA-SA was injected, and Cy5 fluorescence in the spots increased after injecting the cells expressed-HA in the membrane surface. The fluorescence of Cy5 excited by the electric field of SPR can be quenched to the gold if the distance between Cy5 and the gold surface was within 40 nm. When the labeled-antibody modified to chip can bind with antigen in the cell, the PEG chain as a linker extended and fluorescence intensity increased due to the increase of the distance. The two kinds of Cy5-labeled antibodies, Cy5-anti HA-SA and Cy5-anti GFP-SA, were dropped to the patterned substrate by a pipette and only Cy5 fluorescence of the anti HA spots increased after injection of the cells expressed-HA. The fluorescence intensity detected by SPFI was able to recognize cells based on the specific antigen-antibody interaction in the multi-array system. Our SPFI system is expected to be applied to the multi array chip of living cells. 
